Abstract. Celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor, has recently been shown to affect the development of different types of cancer. The present study utilized a murine H 22 hepatocarcinoma model to investigate the molecular mechanisms involved in celecoxib-induced inhibition of tumor angiogenesis. Tumor-bearing mice were randomly divided into five groups: i) control; ii) low-dose celecoxib (50 mg/kg); iii) high-dose celecoxib (200 mg/kg); iv) 5-fluorouracil (5-FU), (20 mg/kg) and v) combination of 5-FU and celecoxib (50 mg/kg). The antitumor effect of celecoxib was determined by measuring tumor volume. Tumor angiogenesis was evaluated by microvessel density (MVD). Tumor histology and immunostaining for CD34 in endothelial cells were performed to detect MVD. The expression levels of phosphatase and tensin homologue deleted from chromo-
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common solid tumor in the world and the third leading cause of cancer-related mortality (1) . The incidence of this type of cancer has consistently increased in both Asian and Western countries over the last 10 years (2) . Most HCC patients are diagnosed when the disease is already advanced and often accompanied by varying degrees of liver dysfunction. As surgery proves ineffective at more advanced stages of disease, it is imperative that safe and effective antitumor drugs are developed. While the biological mechanisms have not been fully elucidated (3) , epidemiological and laboratory data suggest that non-steroidal anti-inflammatory agents (NSAID) have antitumor effects. Celecoxib is a new generation of NSAIDs that specifically inhibit cyclooxygenase-2 (COX-2) activity and they are currently approved by the US Food and Drug Administration (FDA) for the treatment of arthritis.
COX-2, a key enzyme in arachidonic acid metabolism, is overexpressed in a variety of malignant tumors, including HCC, prostatic, colorectal carcinoma and malignant melanoma (4) . COX-2 upregulation in tumor cells correlates with the level of angiogenesis in multiple types of tumor (5, 6) . Some research suggests that PGE2, which is a product of COX-2, is responsible for activation of the phosphatidylinositol 3-kinase (PI3K)/Akt signal transduction pathway. Celecoxib may inhibit phosphorylation of Akt via the COX-2-PGE2-PI3K/Akt pathway (7) . Therefore many authors have proposed COX-2 as a target for cancer prevention and treatment. Tumor tissue is usually accompanied by hypoxia, which promotes HIF-1 production. HIF-1 is a heterodimeric basic helix-loop-helix transcription factor that consists of hypoxiainducible factor-1α and hypoxia-inducible factor-1β (HIF-1β) subunits (8) . HIF-1β is constitutively expressed in cells, whereas HIF-1α stabilization can be induced by hypoxia, growth factors and oncogenes, such as phosphatase and tensin homologue deleted from chromosome 10 (PTEN) (9) . Zundel et al showed that PTEN suppressed HIF-1α protein accumulation and its target gene VEGF expression (9) . This process involved modulation of Akt. HIF-1 can also be combined with COX-2 promoter-specific hypoxia response element, thereby inducing endothelial cell expression of COX-2. The COX-2 by mitogen activated protein kinase pathway or PI3K pathway induced HIF-1α expression. Previous studies revealed that HIF-1 is a downstream gene in the PI3K/AKT pathway (8, 10, 11) . PI3K signaling regulates tumor growth and angiogenesis by activating AKT and other targets, and by inducing HIF-1 and VEGF expression. A downstream target of PI3K is the serine-threonine kinase Akt that is activated by phosphatidylinositol-dependent kinase 1. HIF-1 and VEGF have previously been shown to play a crucial role in both angiogenesis and tumor growth (12, 13) . Thus, our laboratory seeks to investigate HIF-1 and VEGF as promising anticancer drug targets.
PTEN, PI3K and Akt (PTEN/PI3K/Akt) pathways have been associated with carcinogenesis. Activated PI3K-Akt signaling pathway may promote carcinogenesis (14) , and overexpression of PI3K or Akt is highly angiogenic (15) . Hence, PI3K/AKT signaling pathway plays an important role in regulating the vasculature and angiogenesis. PTEN is the most common malignant tumor suppressor gene and it is a negative regulator of PI3K-Akt signaling pathway (16) . Celecoxib inhibits the PI3-kinase pathway and decreases the phosphorylation of Akt in some cell lines (17) , but it remains unknown whether PTEN/PI3K/Akt/HIF-1α pathway is also involved in celecoxib in vivo effects on HCC growth. In recent years, celecoxib has been shown to have anti-angiogenic and tumor growth inhibiting effects in many cancer-related animal models (18) (19) (20) . The present study focused on tumor angiogenesis by evaluating the microvessel density (MVD) and the expression of PI3K, P-Akt, COX-2, HIF-1α, vascular endothelial growth factor-A (VEGF-A) and PTEN in tumor tissues in order to investigate the molecular mechanisms through which celecoxib inhibits tumor angiogenesis. 3 following tumor cell injection, the mice were randomized into five groups with ten mice in each group. The control group took in purified saline. The 5-FU (20 mg/kg) group was administered via abdominal injection starting on the same day of celecoxib administration every four days. The celecoxib high-and lowdose group received gavage of celecoxib at 200 and 50 mg/kg once a day, respectively. Celecoxib dose was adjusted daily based on changes in body weight. Tumor size was measured every two days using a digital caliper and tumor volume was calculated using the formula: (V = W 2 x L/2), where W and L are the perpendicular smaller and large diameters, respectively. Volumes were plotted against time. Body weight of the mice was measured every day and the experiment lasted 3 weeks. At the end of experimentation, retro-orbital blood was collected and the tumors were dissected and weighed after euthanasia. Calculation of the tumor inhibitory rate was performed using the formula: Inhibitory rate (IR) = [average tumor weight of the control group (g) -average tumor weight of the treatment group (g)]/average tumor weight of the control group (g) x 100%. The tumors were immediately placed in 4% paraformaldehyde for immunohistochemistry (IHC). Portions of each tumor were flash frozen in liquid nitrogen and stored at -80˚C.
Materials and methods

Materials
ELISA assays. We detected the levels of P-Akt, COX-2 and PTEN in the serum using double antibody sandwich method and the serum levels of PI3K, HIF-1α and VEGF-A using the competition law. We adhered strictly to the ELISA kit instructions, and measured after termination the color OD values of the standard curve, calculating the concentration of the sample. All assays were performed in triplicate.
Histology and immunohistochemistry.
Tumor tissue was fixed overnight in 4% paraformaldehyde, followed by paraffin infiltration and embedding. Paraffin-embedded tumor samples were processed into tissue array blocks, which were cut into 4-µm sections for hematoxylin and eosin (H&E) and immunohistochemical staining. Sections were de-waxed in xylene, rehydrated through graded concentrations of ethanol and rinsed in distilled water. Sections were subjected to heat-induced epitope retrieval in 10 mM citrate buffer (pH 6.0) for 15 min, and then cooled to room temperature prior to treatment with 3% hydrogen peroxide in absolute methanol (to inactivate endogenous peroxidase activity). Sections were then washed 3x with PBS followed by dropwise addition of the first antibody and subsequent incubation overnight under 4˚C. The tissue was incubated at room temperature for 45 min. Sections were then washed and sequentially incubated with a secondary antibody. The tissue was incubated at room temperature for 1 h, and then washed and colored with DAB for 15 min and finally counterstained with hematoxylin. Tumor angiogenesis was evaluated by MVD, which was analyzed with anti-mouse CD34 monoclonal antibody (Beijing Biosynthesis Biotechnology Co., Ltd.) against CD34 expressed in the endothelial cells of microvessels. The microvessel count was carried out in accordance with the method of Weidner et al (21) . Initially, we selected 3 dense microvessel fields separately at the original magnification x40 and x100, and the numbers of CD34-stained cells were then counted at the original magnification x400 and averaged for statistical analysis.
Western blotting. The expression profiles for PI3K, total Akt, P-Akt, COX-2, HIF-1α, VEGF-A and PTEN were determined by western blot assay. The protein concentration was determined with the BCA kit. The samples were boiled, sheared, and clarified by centrifugation and stored at -20˚C. Equal quantities (20 µg) of protein were loaded onto 12% SDS-polyacrylamide electrophoresis gel and resolved proteins were electrotransferred to nitrocellulose filter. Membranes were blocked with 5% skim milk in TBST (1 M Tris-buffer saline, pH 7.4, 5M NaCl, 0.1% Tween-20) buffer for 1 h before primary antibody addition. Western blot analyses were carried out using the appropriate antibody [Akt, PI3K and P-Akt (Cell Signaling, Danvers, MA, USA); COX-2, HIF-1α, VEGF-A and PTEN (Beijing Biosynthesis Biotechnology Co., Ltd.)]. The membranes were then developed using the ECL plus chemiluminescence detection system. The band intensities were analyzed by ImageJ software (Wayne Rasband National Institutes of Health, Bethesda, MD, USA) and normalized to total Akt or β-actin (Cell Signaling).
Statistical analysis. The descriptive statistics are provided with means ± SD. A repeated-measure ANOVA test was used to assess dose-dependent effects of celecoxib on tumor tissue. Data was analyzed using an ANOVA pairwise comparison method (SNK methods) and the Pearson's analysis of correlation method. A P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of celecoxib on H 22 hepatoma tumor growth.
Tumor dimensions increased in all groups. Compared to controls, treatments with 5-FU (20 mg/kg) alone, either high-dose (200 mg/kg) or low-dose (50 mg/kg) celecoxib alone, and a combination of 5-FU (20 mg/kg) and celecoxib (50 mg/kg) were found to markedly inhibit the tumor growth (Fig. 1) . The inhibitory rate was 65.8, 49.3, 37.0 and 79.5%, respectively (Table I, Fig. 1 ; P<0.05 for each comparison). The inhibitory effect was stronger in the high-dose celecoxib groups, 5-FU groups and the combination groups (P<0.01). Although the inhibitory rates of the high-dose and low-dose celecoxib groups were lower, the mice in both groups were in good condition and increased in body weight following the experiment (Table I ). This suggests that celecoxib not only inhibited the growth of H 22 hepatocarcinoma, but reduced the tumor's consumption of the body resources.
The levels of PTEN, PI3K, P-Akt, COX-2, HIF-1α and VEGF-A in serum after treatment with celecoxib.
The levels of PI3K, P-Akt, COX-2, HIF-1α and VEGF-A in the serum of mice treated with celecoxib high-and low-dose, 5-FU, and combination groups were significantly lower than the Table I . Inhibitory effect of celecoxib on H 22 hepatocarcinoma (mean ± SEM, n=10). tumor-bearing control group. In the treatment groups, the levels of PTEN in serum were significantly higher than those of the tumor-bearing control group (Table II; P<0.05 for each comparison). In addition, celecoxib at each concentration was significantly different between groups (P<0.01).
Pathological, morphometric and MVD analysis of H 22 hepatocarcinoma after treatment. H&E staining showed that H 22 hepatocarcinoma cells demonstrated flaky or nested irregular growth. In the control group, tumor angiogenesis richness, rare nuclear pyknosis, nuclear karyorrhexis and other morphological changes of apoptosis were shown. Celecoxib high-and low-dose, 5-FU, and combination groups showed multiple large patchy necrosis areas. Most of the tumor cells exhibited morphological changes characteristic of apoptotic processes such as nuclear pyknosis and karyorrhexis, which were significantly lower in the MVD than the control groups ( Fig. 2A) .
Cells positive for CD34 were stained brown. Microvessel distribution is shown in Fig. 2B . The MVD of the control group, 5-FU, high-dose (200 mg/kg) and low-dose (50 mg/kg) celecoxib, and combination of 5-FU with celecoxib groups were 10.32±4.13, 3.87±1.63, 5.65±3.96, 7.63±3.12 and 1.68±1.23, respectively. The 5-FU alone, high-and low-dose celecoxib and combination groups all demonstrated inhibition of MVD in comparison to the control group (P<0.05 for each comparison), which suggests that celecoxib inhibits angiogenesis. 22 hepatocarcinoma tumors. Based on immunohistochemical staining, PI3K, P-Akt, COX-2, VEGF-A, PTEN and CD34 were expressed in the cytoplasm or membrane of tumor cells. HIF-1α was expressed in the nucleus and cytoplasm of tumor cells. Cells positive for PI3K, P-Akt, COX-2, HIF-1α, VEGF-A and PTEN were stained brown (Fig. 3) . The expression of PI3K, P-Akt, COX-2, HIF-1 and VEGF-A Table II . Determination of PI3K, P-Akt, COX-2, HIF-1α, VEGF-A and PTEN in the serum of mice after treatment (mean ± SEM, n=10).
Expression of PTEN, PI3K, P-Akt, COX-2, HIF-1α and VEGF-A in H
Group
PTEN (ng/ml) PI3K (ng/ml) P-Akt (ng/ml) COX-2 (ng/ml) HIF-1 (ng/ml) VEGF-A (PG/ml) in the control group was markedly higher than that in the other treatment groups. The expression of PTEN in the treatment groups was higher than that in the control group, especially in the combination, 5-FU, and high-dose celecoxib groups. Gray scale intensity variants of PI3K, P-Akt, COX-2, HIF-1α, VEGF-A and PTEN immunoreactivity were evaluated by Leica Qwin V3 software. Sections were evaluated in each of 5 randomly selected positive regions at the original magnification x200. Fig. 4 indicates an inverse relationship between the gray scale intensity and the protein expression. Higher gray scale intensity indicates weaker protein expression, and lower intensity indicates stronger protein expression. Treatment with combination group, 5-FU group, and highdose and low-dose celecoxib group resulted in a reduction in PI3K, P-Akt, COX-2, HIF-1α and VEGF-A expression. PI3K, P-Akt, COX-2, HIF-1α and VEGF-A expression decreased significantly in both the 5-FU alone and combination groups when compared with the other treatment groups showing a dose-dependency on high-dose and low-dose celecoxib. In each comparison, there was a significant difference (P<0.05). In addition, celecoxib at each concentration was significantly different between groups (P<0.01). PI3K and P-Akt, COX-2, HIF-1α, VEGF-A expression were positively correlated (r=0.965, P<0.01; r=0.965, P<0.01; r=0.946, P<0.01; r=0.957, P<0.01). P-Akt and COX-2, HIF-1α, VEGF-A expression were positively correlated (r=0.959, P<0.01; r=0.958, P<0.01; 
Effect of celecoxib treatment on PTEN, PI3K, P-Akt, COX-2, HIF-1α and VEGF-A protein expression as assessed by
western blot analysis. PI3K, COX-2, HIF-1α, VEGF-A and PTEN expression was normalized to β-actin expression by band intensity. P-Akt protein expression was normalized to total Akt expression by band intensity. As shown in Fig. 5, PI3K , P-Akt, COX-2, HIF-1α and VEGF-A expression was reduced in the high-dose and low-dose celecoxib, 5-FU and combination groups. PTEN expression was increased significantly in treatment groups when compared to the control group. Band intensities were analyzed by ImageJ software. PI3K, P-Akt, COX-2, HIF-1α and VEGF-A expression decreased significantly in the H 22 hepatocarcinoma tissue treated with 5-FU alone or with the combination with celecoxib. This decreased expression showed a dose-dependent trend in the high-dose and low-dose celecoxib groups. In addition, celecoxib at each concentration showed a significant difference between groups (P<0.05). Furthermore, PI3K and P-Akt, COX-2, HIF-1α, VEGF-A expression were positively correlated (r= 0.989, P<0.05; r=0.978, P<0.01; r=0.975, P<0.05; r=0.993, P<0.05). P-Akt and COX-2, HIF-1α, VEGF-A expression were positively correlated (r=0.990, P<0.05; r=0.990, P<0.05; r=0.983, P<0.05). COX-2 and HIF-1α, VEGF-A expression were positively correlated (r= 0.989, P<0.05; r= 0.969, P<0.05). HIF-1α and VEGF-A expression were positively correlated (r= 0.961, P<0.01). PTEN expression also showed a dose-dependent trend in the high-dose and low-dose celecoxib groups. In addition, celecoxib at each concentration was significantly different between groups (P<0.01). Furthermore, PTEN and PI3K, P-Akt, COX-2, HIF-1α, VEGF-A expression were negatively correlated (r=-0.996, P<0.01; r=-0.987, P<0.05; r=-0.977, P<0.01; r=-0.970, P<0.05; r=-0.993, P<0.05).
Discussion
The liver is a highly vascular organ that depends on angiogenesis for cellular regeneration. In HCC, angiogenesis relies on autocrine and paracrine interactions between tumor cells and vascular endothelial cells (22) . Thus, the development of new anti-angiogenic drugs has become an important strategy for cancer treatment. In the present study, we showed that celecoxib-mediated H 22 hepatocarcinoma angiogenesis and tumor growth inhibition in vivo involves PTEN/PI3K/AKT/HIF-1α signaling pathways. Studies have shown that HIF-1 expression is necessary for tumor growth in certain tumor cell lines, such as hepatomas. Therefore, decreased HIF-1α expression is associated with slower cell growth and tumor angiogenesis (12, 23) . Inhibition of COX-2 has been shown to be a promising antitumor and antiangiogenic strategy in several types of tumor (24, 25) . Inhibition of VEGF-A expression also has a marked effect on tumor growth. Additionally, the interruption of the PI3K/AKT pathway inhibits tumor growth and tumor angiogenesis in vivo (26) . In the present study, celecoxib effectively inhibited the expression of PI3K, P-Akt, COX-2, HIF-1α and VEGF-A. The inhibitory rates of the 5-FU, high-dose (200 mg/kg) and low-dose (50 mg/kg) celecoxib, and combination of 5-FU with celecoxib groups were 65.8, 49.3, 37.0 and 79.5%, respectively. Furthermore, we found that celecoxib enhanced the antitumor effect of 5-FU, which is consistent with the results of previous studies (27, 28) .
HIF-1α is one of the most important regulatory molecules that respond to hypoxia for cell survival and angiogenesis (29) . HIF-1α activates the transcription of many genes, including COX-2 and VEGF by binding to the hypoxia response element (HRE) in the COX-2 and VEGF promoter. HIF-1α, COX-2 and VEGF-A expression is strongly associated with cancer progression and angiogenesis. To identify and characterize how celecoxib inhibited the overexpression of VEGF-A, we cultured low-dose and high-dose celecoxib groups to analyze the expression of related proteins such as COX-2 and HIF-1α by ELISA, immunohistochemistry and western blotting. The expression of HIF-1α, COX-2, and VEGF-A decreased in a celecoxib dose-dependent manner. Often coupled with the rapid growth of the tumor cells is the shortage of oxygen and nutrients. During hypoxia, HIF-1α can activate the expression of downstream signaling proteins such as VEGF-A and COX-2 and play a key role in tumor avoidance of the associated adverse effects on cell survival. There is a very strong correlation between VEGF-A expression and blood vessel density in many tumor types. In the present study, HIF-1α, COX-2 and VEGF-A had weak expression in the high-dose and low-dose celecoxib group. Additionally, tumor tissue in the high-dose celecoxib group showed decreased MVD reinforcing the theory that celecoxib effectively inhibited HIF-1α, COX-2 and VEGF-A protein. Moreover, it follows that the inhibition of HIF-1α, COX-2 and VEGF-A may play a major role in celecoxib-inhibited angiogenesis. Thus, these results strongly suggest that celecoxib is a potential anti-angiogenic agent.
The PI3K/Akt signaling pathway is activated in the majority of human types of cancer (30) . The activation of the PI3K/ AKT/mTOR signaling pathway in endothelial cells promotes their survival when cultured in vitro (31) and in the tumor vasculature in vivo (32) . It is likely that celecoxib also inhibits angiogenesis by modulating the PI3K/AKT/HIF-1 pathway.
In the present study, we found that celecoxib downregulated PI3K, P-Akt and HIF-1α expression in a dose-dependent manner. Thus, celecoxib may inhibit H 22 hepatocarcinoma growth and angiogenesis through PI3K, P-Akt and HIF-1α expression. Studies have shown that HIF-1α expression and activity are regulated by major signal transduction pathways including those involving PI3K (11, 33) . Therefore, one possibility that would account for the decreased levels of HIF-1α protein is the decreased PI3K/Akt signaling in H 22 hepatocarcinoma. However, studies investigating the role of PI3K signaling in HIF-1α expression were contradictory based on the cell lines used. PI3K and Akt activity was observed to be required for HIF-1α expression in prostate cancer cells (11, 34) , while its inhibition in 1c1c7 mouse hepatocytes did not affect HIF-1α expression (35) . Therefore, further research is needed to ascertain the pathway responsible for the inhibitory effect of celecoxib on angiogenesis.
PTEN is the most common malignant tumor suppressor gene. PTEN is a phosphatase that opposes the action of PI3K, thereby reducing the level of activated (phosphorylated) AKT. PTEN-deficient endothelial cells display increased angiogenesis and tumorigenesis (36) . In the present study, celecoxib effectively inhibited the expression of PI3K and P-Akt while it increased the expression of PTEN. It is possible that the induction of PTEN may play a major role in celecoxib-inhibited angiogenesis. In our study, tumor-bearing mice treated with celecoxib had slight to mild side-effects. This was possibly due to the short treatment duration. Celecoxib is indeed safer than most other chemotherapeutic agents; however, the dose for cancer treatment remains to be optimized. In addition, it would be beneficial to investigate with a broader scope by conducting further studies in a variety of tumor models.
In conclusion, we demonstrated that celecoxib can inhibit tumor angiogenesis by reducing the production of PI3K, P-Akt, COX-2, HIF-1α and VEGF-A, and increasing the production of PTEN in a dose-dependent manner. This finding provides an explanation as to why celecoxib inhibits the tumor angiogenesis of H 22 hepatocarcinoma in vivo. We also found that celecoxib synergistically enhanced the antitumor effect of 5-FU. Collectively, these data suggest that celecoxib inhibited H 22 hepatocarcinoma angiogenesis and tumor growth in vivo involves PTEN/PI3K/AKT/HIF-1 signaling pathways. This yields potential insight into the mechanism of celecoxib-inhibited angiogenesis. Our study has important clinical implications and may potentially lead to therapeutic treatment options for HCC and other types of cancer.
